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Abstract

The final step of methionine recycling from methylthioadenosine has been examined in the
gram-positive bacteria Bacillus cereus and B. anthracis. Subcellular homogenates were able
to convert ketomethiobutyrate to methionine using leucine, isoleucine, valine, phenylalanine,
tyrosine, tryptophan, and alanine as amino donors. Four putative family HI
aminotransferases, two with homology to branched-chain amino acid aminotransferases and
two with homology to D-amino acid aminotransferases, were cloned from B. cereus. The two
branched-chain aminotransferases were found to have a low sequence identity with the
corresponding enzymes from B. subtilis, indicative of membership of a different subfamily.
After expression of the B. cereus enzymes in Escherichia coli and subsequent purification,
one branched chain aminotransferase, designated Bc-BCAT2, was found to catalyse
methionine regeneration using leucine, isoleucine, valine, phenylalanine, tryosine, and
tryptophan as amino donors. The homologue of Bc-BCAT2 was cloned from B. anthracis
and designated Ba-BCAT2. Expression of the recombinant enzyme in E. coli and subsequent
purification yielded a protein which catalysed methionine regeneration using branched-chain
and aromatic amino acids as the amino donors. Kinetic analysis showed that the Km and
Vmax values for the enzymes were similar for leucine, valine, and isoleucine as amino donors
and ketomethiobutyrate and ketoglutarate as amino acceptors with the Km = 0.41 - 4.34 mM
and the Vn, = 0.13 - 1.44 nmol/minrmg protein. Therefore, in both B. cereus and B.
anthracis, BCAT2 would appear to be the primary catalyst of methionine production from
ketomethiobutyrate. The aminotransferase inhibitor canaline was found to inhibit the growth
of B. cereus with an IC50 of 35 pM in minimal medium and 760 PM in nutrient broth. The
activity in minimal medium was only marginally antagonised by the addition of exogenous
methionine or protein.
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Resume'

La phase finale du recyclage de la m~thionine ý partir de la m6thylthioad~nosine a6t
examin~e dans la bactdrie gram positive des bact~ries Bacillus cereus et B. anthracis. Les
homog~nats infracellulaires ont 6t capables de transformer le k6tom6thiobutyrate en
m6thionine en utilisant la leucine, l'isoleucine, la valine, la ph6nylalanine, la tyrosine, le
tryptophane et l'alanine comme donneurs amines. Quatre transaminases de la famille III
putative, dont deux ayant une homologie avec les transaminases am~inoacides de chaine
ramidfi~e et deux autres ayant une homologie avec les transaminases aminoacides D, ont 6t
clonies ý partir du B. cereus. On a trouv6 que les deux transaminases de chaine ramifi~e
avaient peu d' identit6 de sequence avec les enzymes correspondants du B. subtilis, indiquant
ainsi leur appartenance A une sous-famille diff~rente. Apr~s avoir exprim6 les enzymes du B.
cereus dans le Escherichia coli et les avoir purifies ult~rieurement, on a trouv6 que la
transaminase de chaine ramifi6e, d~sign6e Bc-BCAT2, catalysait la r~gdmiration de
m~thionine en utilisant ]a leucine, l'isoleucine, la valine, la ph~nylalanine, la tyrosine, et la
tryptophane comme donneurs amnines. L'homologue de la Bc-BCAT2 a 6t6 clon6 ý partir du
B. anthracis et a 6t d~sign6 Ba-BCAT2. L'expression de I'enzyme recombin6 dans le E coli
et la purification ult~rieure ont produit une prot~ine qui a catalys6 la r~g~niration de la
m6thionine en utilisant des amninoacides de branches ramifi~es et aromatiques comme les
donneurs amines. L'analyse cin6tique montre que les valeurs de la Kmn et de la Vmax pour les
enzymes sont similaires pour la leucine, la valine, et l'isoleucine comme donneurs amines et
pour le k~tom6thiobutyrate et le kdtoglutarate comme -eceveurs d' amines avec la Km' = 0.41 -

4.34 mM et la V.~,, = 0. 13 - 1.44 nmollminlmg de prot~ine. Par consequent, ii apparaitrait
que, dans chacun des B. cereus and B. anthracis, le BCAT2 serait le catalyseur primaire de la
production de m~thionine ý partir du k~tom~thiobutyrate. On a trouv6 que la canaline, un
inhibiteur de transaminase, inhibait la croissance de B. cereus avec une C150 de 35 gM dans
un milieu minimum et 760 pM dans un bouillon nutritif. L'addition de mdthionine exogene ou
de prot~ine antagonise seulement marginalement I'activit6 dans un milieu minimum.
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Executive summary

Anthrax remains one of the most serious biological warfare threats faced by the Canadian
Forces and the public at large. The recent events in the United States involving anthrax letters
have reinforced the ease with which an anthrax attack can be performed and the large impact
such an attack may have. Over the last few years, there has been an increase in the natural
resistance of anthrax to penicillin and other beta-lactam antibiotics. Depending on the study,
between 10 and 35 percent of soil and veterinary anthrax isolates are now penicillin resistant.
Moreover, a single isolate has also been found to be ciprofloxacin resistant.

Given this current state of natural resistance and also the relative ease of genetically
modifying Bacillus anthracis to create drug resistant strains, there is a need for the
development of antibacterial agents which act against novel biochemical targets. This
laboratory has been investigating enzymes involved in polyamine biosynthesis and its
associated methionine salvage pathway as potential drug targets in anthrax. Polyamines are
small molecular weight nitrogenous compounds that are essential for cellular replication. The
biosynthesis of polyamines consumes the amino acid methionine in a one-to-one ratio,
yielding methylthioadenosine as a byproduct. As methionine is an essential compound in its
own right, is present in limiting amounts in the cell, and is energetically expensive to
synthesize de novo, cells have a unique pathway for regenerating methionine from
methylthioadenosine. It is known that inhibition of enzymes in this pathway leads to cell
death in a number of organisms, including malaria.

In a previous report, we investigated the biochemical identity of the enzyme catalysing the
final step of methionine recycling, the transamination of ketomethiobutyrate, in the model
system Bacillus subtilis. In this organism, the branched-chain amino acid aminotransferase
encoded by the ybgE gene was found to catalyse methionine formation. However, B. subtilis
is not a particularly accurate model for B. anthracis, and was chosen due to the fact that it was
the only member of the genus Bacillus to have a complete genome sequence in the public
databases.

During the course of the B. subtilis study, a nearly complete genome sequence for B. cereus
was made public, and a similar sequence for B. anthracis was made available for our work by
the United States Army Medical Research Institute for Infectious Diseases via the TTCP
program. As B. cereus and B. anthracis are the same species with differences only in plasmid
content, the presence of significant genome data makes the former organism a much more
suitable non-pathogenic model for B. anthracis biochemistry. Analysis of methionine
formation in B. cereus showed that a branched-chain aminotransferase also catalysed the
reaction in this organism. However, the subject enzyme was a member of a different
aminotransferase subfamily than that found in B. subtilis. Cloning and analysis of the B.
anthracis homologue of the B. cereus enzyme demonstrated that this enzyme was identically
active in B. anthracis. This result clearly reinforces the use of B. cereus as an accurate, non-
pathogenic model for B. anthracis metabolism. In vitro growth inhibition of B. cereus with
the aminotransferase inhibitor canaline showed that the compound effectively killed the
bacteria when grown in a minimal medium, but less so when in a rich medium. This
difference in activity was found to be independent of antagonism by exogenous methionine or
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protein found in the rich medium. The study has demonstrated that aminooxy inhibitors of
aminotransferases show great potential as antibacterial agents and are worth further study in
vitro and in vivo.

Berger, B.J., English, S., Knodel, M.K., and Chan, G. 2002. Characterization of potential
antimicrobial targets in Bacillus spp. II. Branched-chain aminotransferase and methionine
regeneration in B. cereus and B. anthracis. TR 2002-094. DRDC Suffield.
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Sommaire

Le charbon bactdridien demneure la menace de guerre biologique la plus s6rieuse ý laquelle
doivent faire face les Forces canadiennes et le public en g~n~ral. Les 6v~nements rdcents
comprenant notarmient les lettres au charbon bact~ridien, aux ttats-Unis, mettent en valeur la
facilit6 avec laquelle une attaque au charbon peut 6tre effectude et le fait qu'une telle attaque
peut avoir un impact important. Depuis quelques anndes, ii existe une croissance de la
rdsistance naturelle du charbon A la pdnicilline et aux autres antibiotiques b~ta-lactamines.
Selon les 6tudes, 10 A 30 pourcent des sols et des isolats de charbon v~tdrinaire sont
maintenant r~sistants A la pdnicilline. De surcrolt, on a aussi trouv6 un isolat rdsistant A la
ciprofloxacine.

ttant donn6, l'6tat actuel de resistance naturelle ainsi que de la facilit6 relative A modifier le
Bacillus anthracis pour cr~er des drogues r~sistantes aux souches, il existe un besoin de
mettre au point des agents antibact~riaux agissant contre les cibles biochimiques nouvelles.
Ce laboratoire a 6tudi6 les enzymes existant dans la biosynth~se de polyamines et leur chemin
de r~cup~ration de m~thionine qui leur sont associ~s, comme cibles de drogues potentielles
dans le charbon. Les polyaniines sont des petits composes azotds de poids mol~culaire qui
sont essentiels A la reproduction cellulaire. La biosynth~se de polyamines consume l'acide
amin6 m~thionine A proportion 6gale et produit de la mdthylthioad~nosine comme sous-
produit. La m~thionine 6tant un compos6 essentiel en lui-m~me qui est present en quantit6
limit~e dans la cellule et qui n~cessite beaucoup d'6nergie pour synth~tiser de novo, les
cellules poss~dent un chemnin unique de r~g~ndration de la m~thionine A partir de la
m6thylthioad6nosine. Nous savons d6jh que l'inhibition des enzymes, dans ce chemin, aboutit
A la mort des cellules dans plusieurs organismes dont la malaria.

Dans un rapport ant6rieur, nous avons 6tudi6 l'identit6 biochimique de l'enzyme qui catalysait
I'6tape finale du recyclage de la m~thionine, la transamination du kdtomdthiobutyrate, dans le
syst~me mod~le du Bacillus subtilis. Dans cet organisme, on a trouv6 que le transaminase
amino-acide de chaine ramifi~e, encod6 par le g~ne ybgE, catalysait la formation de la
m~thionine. Cependant, le B. subtilis nWest pas un mod~le particuli~rement exact pour le B.
anthracis et il avait 6t6 choisi parce qu'il 6tait le seul membre du genre Bacillus dont les bases
de donn~es publiques poss~daient une sequence compl~te de gdnomes.

Durant le cours des recherches effectu~es Sur le B. subtilis, une sdquence pratiquement
complete de g~nomes pour le B. cereus a 6t rendue publique et une sequence similaire pour
le B. anthracis a 6t6 rendue disponible pour notre travail par l'institut de l'arm~e am~ricaine
de recherches m~dicales pour les maladies infectieuses, United States Army Medical Research
Institute for Infectious Diseases, par I'entremise du programme TTCP. Puisque le B. cereus
et le B. anthracis sont de la m~me esp~ce et qu'ils ne contiennent des diffdrences que dans le
contenu plasmide, l'existence de donn~es signifiantes Sur les g6nomes font que le B. cereus
est un organisme non pathog~nique beaucoup plus appropri6 A la bicochimie du B. anthracis.
Les analyses de formation de m~thionine dans le B. cereus ont montr6 qu'un transaminase de
chaine ramifi6e catalysait aussi la reaction dans cet organisme. Cependant, l'enzyme en
question 6tait un membre diffdrent de la sous-famille de transaminases qui avait 6t6 trouv~e
dans le B. subtilis. Le clonage et l'analyse de l'homologue du B. anthracis dans l'enzyme du
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B. cereus a montr6 que cet enzyme 6tait actif de mani~re identique dans le B. anthracis. Ce
rdsultat renforce clairement l'utilisation du B. cereus comme mod~e non pathog~nique exact
pour le m~tabolisme du B. anthracis. L'inhibition de la croissance du B. cereus in vitro avec
la transaminase inhibitrice de la canaline a montr6 que le compos6 a efficacement tu6 ]a
bact~rie d~velopp~e dans un milieu minimum, mais moins efficacement quand elle venait
d'un milieu riche. On a trouv6 que cette diff~rence d'activit6 ne d6pendait pas d'un
antagonisme par la m6thionine exog~ne ou la prot~ine pr~sente dans le milieu riche. Cette
6tude a d~montr6 que les inhibiteurs aminooxy des transaminases poss~daient un potentiel
important en tant qu'agent antibact6riaux et m~ritaient d'6tre plus amplement 6tudi~s in vitro
et in vivo.

Berger, B.J., English, S., Knodel, M.K., and Chan, G. 2002. Characterization of potential
antimicrobial targets in Bacillus spp. IL. Branched-chain aminotransferase and methionine
regeneration in B. cereus and B. anthracis. TR 2002-094. DRDC Suffield.
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Introduction

Polyamines are essential for normal growth and proliferation of all cell types [1-3]. While the
exact mode of action of polyamines remains unknown, the compounds play a role in nucleic
acid and membrane stabilisation [2,3]. Inhibition of polyamine biosynthesis leads to cell
stasis or death in most systems examined to date [1]. The biosynthesis of polyamines requires
the transfer of an aminopropyl group from decarboxylated S-adenosylmethionine to
putrescine or spermidine, yielding spermidine or spermine respectively. This
aminopropylation step effectively consumes the amino acid methionine in a one-to-one
stoichiometry, with the formation of methylthioadenosine as a by-product. As methionine is
present in limiting amounts and is essential for a broad range of biochemical processes, there
exists a unique pathway to recycle the amino acid from methylthioadenosine (Figure 1).

The final step in this methionine regeneration pathway is the conversion of
ketomethiobutyrate (KMTB) to methionine via an aminotransferase [4]. The specific
aminotransferase which catalyzes this reaction has been studied in the lower eukaryotes
Trypanosoma brucei brucei, Crithidiafasciculata, Giardia intestinalis, and Plasmodium
falciparum, the gram-negative bacterium Klebsiella pneumoniae, and partially characterized
in pig kidney [5,6,7]. In the case of the protozoa and K. pneumoniae, the enzyme responsible
was found to be a member of the Ia subfamily of aminotransferases. The enzyme has also
proven to be a potential chemotherapeutic target, particularly in P. falciparum [8].

In a previous study [9], we had chosen Bacillus subtilis to act as an initial model system for
biochemical studies of B. anthracis due to the fact that the entire genome sequence of B.
subtilis 168 had been determined. Using this model, it was found that B. subtilis had no genes
encoding for subfamily la aminotransferases. Instead, a member of family III, the branched-
chain amino acid aminotransferase (BCAT) encoded by the ybgE gene, was found to be
primarily responsible for the conversion of KMTB to methionine in B. subtilis. Towards the
end of these studies, Integrated Genomics (Chicago, IL, USA) unexpectedly made a public
release of a gapped genome sequence (1528 contigs) for B. cereus 14579. As recent studies
have demonstrated that B. anthracis, B. cereus, and B. thuringiensis are essentially the same
species of bacterium that differ in their plasmid content [10], the presence of genome data for
B. cereus makes this organism a much more accurate, non-BL3 model for B. anthracis
biochemistry (Figure 2). In the present study, we have extended the work performed on B.
subtilis to examine the BCATs present in the B. cereus genome. Four candidate enzymes
were cloned, functionally expressed, and characterized for their ability to catalyse methionine
regeneration. As in B. subtilis, a single BCAT was found to be responsible for this reaction in
B. cereus. The B. anthracis homologue of this enzyme was also cloned, expressed, and
characterized, and was also found to be capable of methionine regeneration.
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Ketom eth iobuty rate > Methionine
AspAT [1a] (Cf Tbb Pf Gi)

MethlthoprpioateTyrAT [la] (Kp)
MethythioropinateBCAT 0l1la] (Bs)

CO

8a

8

I ,2-Dihydroxy-3-ke-tometh lopentene S-Adenosylmeth ionine

ý j7b 2

2-Hydroxy-3-ketometh lopentene-1 -P04  Decarboxylated
S-Adenosylmeth ionine

7a 3:

2,3-Diketometh iopentane-I -P04  Methyfthioadenosine

HC-ý16 H: Ca

Methylthioribu lose-1 -P04  Methyith loribose

Methylth ioribose-I -.P04  AD-)

Figure 1. The Met regeneration pathway. The labelled enzymes are: 1, S-adenosylmethionine
synthetase;- 2, S-adenosylmethionine decarboxylase;- 3, spermidine/spermine synthetase; 4,

methylthioadenosine phosphorylase;- 4a, methylthioadenosine nucleosidase; 4b, methyithioribose kinase;
5, unidentified isomerase; 6, unidentified dehydratase;- 7, enolase-phosphatase; 8, non-enzymatic, or

dioxygenase; 8a, dioxygenase. The specific aminotransferases that catalyse the final step are shown in
red, with the subfamily membership in square brackets. The organism abbreviations are: Cf, Crithidia
fasciculata; Tbb, Trypanosoma brucei brucei; Pf, Plasmodium falciparum; Gi, Giardia intestinalis;- Kp,

Klebsiella pneumoniae;- Bs, Bacillus subtilis.

2 DRDC Suffield TR 2002-094



Iveshiss

subitli 
isB

macmides

niacinis

-, dherncis Ho

caldovebI

ananaci.ax

hakakallhiba Iapib
andiloalis 1

niniohmius7
halodus a enssi

c seudbflnnus caui gbz i

dec mo raticn

sublongi moms
aedaphwsis

Figure 2. Phyla genetic relationships within thr eum ails h 6SrN eune o ahoraimwr lge sn
ClusaiX an al poitios cntanin gas orambiuu ae lmntd itnemarxwste osrce sn h
DNA Dis progrm in Phlip, fllowedby teecostcio byteniho-onnmehddo Bclu utls(ngen l 6

DNA sequeces wereobtainedfrom theSubtiist geoedtbs.Fr ailsatrcs iIe)DIuiue15rN eune
were idenified frm the nealy-compltedi genme rjcaa(e ehd).FrBclu ees(nbueol n ullnt 6
rOA euec cud eobane fo tegapd eom at valal (e Mtod) detote oston f h gp. ailu

atropaeusis hihligted i orage, subthis spce stecretl orc einto frBclu lbgi(Bclu utlsvr
nliiger),acm moB id ec eerhmdl

DRDC ~ ~ sufii Sufel R 02-9



Materials and Methods

Cells and Reagents

B. cereus 14579 was obtained from the American Type Culture Collection (Manassas,VA,
USA) and was routinely cultured in Nutrient Broth at 30'C and agitation at 250 rpm. For
selected experiments, the cells were grown in a minimal medium consisting of 42 mM MES
pH 6.1/15 mM (N-H4)280 4/0.8 mM MgSO 4-7H 20/1.5 p.M MnSO 4-H 20/7 mM KHPO4/13.6
mM glutamic acid/30 WM thiamine/30 mM glucose/144 p.M FeSO 4-7H 20/1.0 mM
threonine/1.0 mM serine/1.0 mM leucine/1.0 mM valine/1.0 mM alanine [11]. B. anthracis
Ames was obtained from DRES reference stocks, and was originally acquired from
USAMRIID (Frederick, MD, USA). Growth of B. anthracis was under the same conditions
as for B. cereus, except growth temperature was 37°C.

Subcellular Homogenates

B. cereus cultures were centrifuged at 3500 x g for 20 min at 4°C, and the cell pellet
resuspended in 25 mM P0 4 buffer pH 7.4/120 mM KC1/2.5 mM ox-ketoglutarate (KG)/0.2
mM pyridoxal phosphate/I mM dithiothreitol/complete protease inhibitors (Roche
Biochemicals; Laval, QB, Canada). Lysozyme (Fisher Scientific; Nepean, Canada) was
added to 300 gg/ml and the mixture incubated on ice for 1 hr prior to sonication on ice. The
homogenate was then centrifuged at 3500 x g for 20 min at 40C, and the supernatant dialysed
against 100 mM P04 buffer pH 7.4/1 mM dithiothreitol/1 mM EDTA at 4°C. After dialysis,
the samples were stored at 40C for enzyme assays. For long term storage, glycerol was added
to 20% v/v and the samples kept at -20 0C.

Biochemical Assays

Aminotransferase activities were assayed by an HPLC method [5]. 10 tl of subcellular
homogenate or a variable volume of recombinant enzyme was added to 100 pl1 of substrate
mix (100 mM P0 4/50 ýtM PLP/various concentrations of amino acid/various concentration of
keto acid) and incubated for 30 min at 370C. The samples were then stored at -20 0 C until
analysis by HPLC as described below. BCAT activity was assayed using 2.0 mM valine,
isoleucine, or leucine/1.0 mM KG mixtures, while D-alanine aminotransferase (DAAT)
activity was measured using 2.0 mM D-alanine/1.0 mM KG. Met regeneration was screened
using 2.0 mM each of ADEFGHIKLNQRSTWY/1.0 mM KMTB in the substrate mix. The
range of effective amino donors for Met formation was determined by using 2.0 mM
individual amino acid/I.0 mM KMTB in the substrate mix. For the determination of
Michaelis-Menton constants, the substrate mixes contained 0.1-10 mM of substrate and 5 mM
or 10 mM of the cosubstrate. Similar kinteic constants were determined using valine,
isoleucine, or leucine/KG mixtures at the same concentrations as for Met formation from
KMTB.

All samples were analysed by pre-column derivatisation and reverse-phase HPLC. 10 41 of
sample was mixed with 50 p.1 of 400 mM borate pH 10.5 and then with 10 p1 of 10 mg/ml o-
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phthalaldehyde/ 12 gtl/ml mercaptopropionate/400 mM borate pH 10.5 prior to the injection of
7.0 g1 onto a 2.1 x 200 mm ODS-AA column (Agilent; Mississauga, ON, Canada). The
column was eluted using 2.72 mg/mil sodium acetate pH 7.2/0.018% v/v triethylamine/0.3%
v/v tetrahydrofuran as Buffer A and 2.72 mg/mI sodium acetate pH 7.2/40% v/v
methanol/40% v/v acetontrile as Buffer B with a linear gradient of 0 - 17% B over 16 min
followed by a linear gradient of 17-100% B over 1 min and 6.0 min at 100% B. The flow rate
was 0.45 ml/min from 0 - 16 min and 0.80 ml/min from 17-30 min. The elution of
derivatised amino acids was monitored at 331 nm. All separations were performed on an
Agilent 1100 HPLC equipped with an autosampler, variable wavelength ultraviolet/visible
spectrophotometric detector, and Chemstation operating system.

Protein concentration was determined using the Bio-Rad dye (Bio-Rad; Mississauga, ON,
Canada). Recombinant protein samples were examined by electrophoresis on 10% SDS
polyacrylamide gels followed by Coomassie Brilliant Blue R250 staining.

Cloning and Functional Expression

Genomic DNA was isolated from B. cereus 14579 or B. anthracis Ames by digestion with
300 jig/ml lysozyme for 1 hr on ice, followed by incubation with an equal volume of 100mM
NaClI/10 mM Tris-HCI pH 8.0/25 mM EDTA/0.5% w/v sodium dodecyl sulfate/0.1 mg/ml
proteinase K at 37°C for 1 hr with occasional mixing. The mixture was then subjected to
extraction with phenol and chloroform:isoamyl alcohol (24:1), and the DNA ethanol
precipitated. The B. anthracis DNA was resuspended in ultrapure water and filtered through a
0.2 pjm filter. An aliquot of this filtered DNA was used to ensure sample sterility by
inoculation into 10 ml brain-heart infusion broth and incubation at 37 0C with agitation for 7
days. A sample of the incubated brain-heart broth was then plated on blood-agar plates and
incubated at 37'C for 7 days. Upon confirmation of sample sterility, the B. anthracis DNA
was reprecipitated in ethanol before use.

A gapped genome of B. cereus 14579 was obtained from Integrated Genomics
(www.integratedgenomics.com/Public/IG Release.html) and data from the nearly completed
genome project for B. anthracis Ames was obtained from The Institute for Genomic Research
(Rockville, USA) and USAMRIID. The nucleotide sequences of the B. cereus and B.
anthracis aminotransferases were obtained by examination of the appropriate genome data
using the BLAST program [ 12] running within B ioEdit [ 13], and used to design
oligonucleotide primers for each enzyme (Table 1). The 5' primers contain a 12 nucleotide
LIC (ligation independent cloning, [14]) sequence and an in-frame start codon, while the
3'primers contained a 13 nucleotide LIC sequence and an in-frame stop codon. The target
sequences were amplified from the genomic DNA using Taq polymerase (Promega; Madison,
WI, USA), 1.5 mM MgCI 2, 200 g.tM dNTP, and the following program: 1 cycle of 95°C for
1.5 min, 30 cycles of 95°C for 1 min/55 0C for 1 min/72°C for 1 min, and 1 cycle of 72°C for
10 min. The amplified target sequence was excised from a 1% agarose gel and the DNA
extracted using the QiaexlI kit (Qiagen;Mississauga, ON, Canada). The genes were then
cloned into pCALnFLAG using the LIC procedure outlined by Stratagene (La Jolla, CA,
USA), and then transformed into E. coli XL10 competent cells (Stratagene). The recombinant
plasmid was purified from these cells using the QiaSpin miniprep kit (Qiagen), and the
presence of the insert confirmed by digestion with NdeI and Sacd and electrophoresis on a 1%
agarose gel. The insert was sequenced using the ABI Big-Dye cycle sequencing kit (ABI;
Foster City, CA, USA) and an ABI Prism 310 Genetic Analyzer.

DRDC Suffield TR 2002-094 5



Table 1. Oligonucleotide primers used for amplification of the genes in this study. Primers in both
directions contain 5' sequence complementary to the ligation-independent cloning site of pCALnFLAG

(Stratagene).

GENE SEQUENCE

B. cereus BCAT1 5' GACGACGACAAGATGGGAAACCAGTACATTTACA

3' GGAACAAGACCCGTTTATGCTAAGCTTTCCGTCAG

B. cereus BCAT2 5' GACGACGACAAGATGAATGAGCAATGGA-TTTCTTAA

3' GGAACAAGACCCGTTTATCCAACTTTATTTTCTTCGTAAA

B. cereus DAAT1 5' GACGACGACAAGATGAAAGTTTCACATTACTTACGTACTTA

3' GGAACAAGACCCGTTTAAGAAGATGACATATTGGATTGTAA

B. cereus DAAT2 5' GACGACGACAAGATGAAAGCTACTCATAAAGATTGG

3' GGAACAAGACCCGTTTAATTTGTCACTTTAAACAAA

B. anthracis BCAT2 5' GACGACGACAAGATGAATGAGCAATGGATTTTCTTAA

3' GGAACAAGACCCGTTTATCCAACTTTATTTTCTTCGTAAA

The plasmids from positive clones were transformed into E. coli BL21 DE3 CodonPlus RIL
cells (Stratagene) for functional expression. The BL21 cells containing the recombinant
plasmid were grown in LB liquid medium containing 50 jtg/ml ampicillin and 50 jig/ml
chloramphenicol at 37°C and 250 rpm until the cell density reached an A60onm of 0.6 - 0.8.
The culture was then cooled to 28°C and IPTG added to 1.0 mM before 2-5 hr of continued
culture at 28°C and 250 rpm. The cells were then pelleted by centrifugation at 3500 x g for 20
min at 4°C, and resuspended in a minimal volume of 10 mM mM HEPES pH 7.8/150 mM
NaCI/1.0 mM DTT/1.0 mM imidazole/2.0 mM CaCi2 before storage at -20'C. The sample
was thawed, sonicated on ice, and centrifuged at 3500 x g for 20 min at 4°C. The resulting
supernatant was loaded onto a 1.6 x 8.0 cm calmodulin-agarose column (Stratagene)
equilibrated with the resuspension buffer. The column was eluted with 10 mM HEPES pH
7.8/1.2 M NaCI/1.0 DTT/3.0 EGTA. The eluted enzyme was concentrated to less than 5.0 ml
using a 10 Kda molecular weight cut-off centrifugal filter (Pall Filtron; Mississauga, ON,
Canada). The concentrated enzyme was kept at 4°C for short term storage and at -20 0C with
20% v/v glycerol for long term storage.

Phylogenetic Analysis

Additional aminotransferase sequences were obtained from GenBank and were aligned using
the Clustal algorithm and the BLOSUM sequence substitution table in the ClustalX program
[15]. Aligned sequences were visualised with the Bioedit program [13].The aligned
sequences were then used with the ProtDist component of Phylip [ 16] to construct a distance
matrix which was the basis for tree construction using neighbor-joining [17]. All trees were
visualised using Treeview [18].
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Results

Methionine Regeneration in B. cereus Homogenates

Subcellular homogenates of B. cereus were prepared and examined for the range of effective
amino donors for the transamination of KMTB. Homogenates prepared from cells grown in
Nutrient Broth were found to utilise leucine, isoleucine, valine, tyrosine, phenylalanine,
tryptophan, and histidine as preferred amino donors for the reaction (Figure 3A). Alanine,
glutamate and glutamine could also act as amino donors to a lesser degree. Cells grown in a
minimal medium with sulfate as the only exogenous sulfur source presented a nearly identical
amino donor spectrum, with the exception of a greater utilisation of alanine and glutamate,
and a lower use of tyrosine (Figure 3B). Therefore, as was seen previously with B. subtilis
[9], B. cereus preferentially uses branched-chain and aromatic amino acids as the amino donor
for KMTB regardless of presence of exogenous methionine.

Identification of Family III Aminotransferases in B. cereus and
B. anthracis

As the primary catalyst of KMTB transamination in B. subtilis proved to be the ybgE gene
product, and was a member of the family III of aminotransferases, B. cereus and B. anthracis
genome data was examined for potential homologues. Both B. cereus and B. anthracis were
found to contain four sequences with high identity to known members of family III
aminotransferases (Figure 4). Two of these sequences were similar to BCATs and two were
similar to DAATs, and were given the names Bc-BCAT1 (Genbank AF52704 1), Bc-BCAT2
(Genbank AF527043), Bc-DAAT1 (Genbank AF527045), Bc-DAAT2 (Genbank AF527042),
Ba-BCAT1, Ba-BCAT2 (Genbank AF527044), Ba-DAAT1, and Ba-DAAT2.

In a previous study, we had tentatively subdivided family III into two subfamilies: lila, which
contained eukaryotic and bacterial BCATs, and IIIb, which contained archaeal and bacterial
BCATs and DAATs [9]. The B. subtilis ybgE gene product was found to be a member of
subfamily IIIa. Interestingly, despite their relatively close relationship to B. subtilis (Figure
2), neither B. cereus nor B. anthracis had any aminotransferases with homology to subfamily
Ilia. All four B. cereus and B. anthracis family III aminotransferases are members of
subfamily IIb and are not closely related to the B. subtilis ybgE gene product (Figure 4).

Given the extreme similarity of the B. cereus and B. anthracis genomes, it is not surprising
that each of the family III enzymes from B. cereus is most identical to its B. anthracis
counterpart, with identities in excess of 96%. The BCATI's were also found to be 61%
identical to the BCAT2's. All four BCATs were 56% identical to the Archaeoglobusfulgidus
AF0933 gene product and 50% identical to the Methanococcusjannaschii MJ1008 gene
product. The best studied member of subfamily HIb, the Escherichia coli ilvE gene product,
was 38% identical to the four Bacillus BCATs. The B. subtilis ybgE gene product, which is
responsible for Met regeneration in that organism and is a member of subfamily Ilia, was only
17% identical to the B. cereus and B. anthracis BCATs.
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Figure 3. The amino donor range for Met regeneration in B. cereus. An enzyme source was mixed with
1.0 mM KMTB, 2.0 mM of a single amino acid, and pyridoxal phosphate for 30 min at 370C before analysis

of Met production by HPLC. The enzyme sources are: (A) B. cereus homogenate from cells grown in
Nutrient broth, (B) B. cereus homogenate from cells grown in Minimal medium, (C) recombinant B. cereus

BCA T2 (white bars) or recombinant B. anthracis BCA T2 (hatched bars).
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Hoýmo sap'i.ens NM005504 cBCAT
vi ar.es AFI 84916 cBCAT

9 R'attusunoreegicus NMOl17253 cCBAT
Homo sapiens NMOOI 1190 mnBCAT

0Ovis aries AAD02563 (mBCAT)Rattus norvegicus NM022400 miBCAT
Caenorhabditis elegans CE03457 (BOAT)

S~acchar'omyces cerevisiae YJR148w (BOAT)
Sccharomyces cerevisiae YHR208w (BCAT)

Schizosaccharomyces pombe SPBC428.02C (BOAT)
_rStreptomyces coelicoIo AL031 124 (BOAT)

Mycobacterium tuberculosis MT2266 (BOAT)
LXyellelafastidiosa XF1 999 (BOAT)

Raistonia solanacearum RS05654 (BOAT)
Sinorhizobium meliloti Smc02896 (13CA`I)

Baci llus haloduruns BAB05875 (BOAT)
Ilib Bacillus subtilis ywaA BOAT111Bacillus subtilis ybgE BOAT

Neisseria meningitidis NM0337 (BOAT)
Streptococcus pneumoniae SP0856 (BOAT)

______________________Streptococcus pyogenes Spy091 0 (BOAT)
Lactococcus lactis 1320 (BOAT)

Haemophilus influenzae HI 1193 (BOAT)

SrIDeinococcus radiodurans DR1626 (BOAT)
F ~Helicobacterpylori JHP1 361 (BOAT)
M a Oochliobolus carbonum AF157629 BOAT

lilaArabidopsis thaliana AtI g10060 (BOAT)
Capsicum annuum AAK57535 (BOAT)

Arabidopsis thaliana Atlg5009O (BOAT)
Solanum tuberosum AFi193845 BOAT

Solanum tube rosum AF193846 BOAT
Synechocytissp. SLR0O32 (BOAT)

Aquifex aeolicus XXXX (BOAT)
scherichia coli jivE BOAT

Salmonella typhimurium PSLT3903 (BOAT)
Yersiniapestis YP03899 (BOAT)

Methanobacterium thermautotrophicum MTH1430 (BOAT)
alHalobacterium sp. iive2 (BOAT)

Pseudomonas aecuginosa PA05014 (BOAT)
Raistonia solanacea rum RS04898 (BOAT)

OCampylobacterjejuni 0j0269c (BOAT)
Ri 'ckettsiaconor*il jve (BOAT)

- Riceti tyhoi ive (BOAT)
i~ickettsia rickettsia ilve (BOAT)

Rickettsia montanensis jive (BOAT)
Caulobacter crescentus 002930 (BOAT)
Z-Agrobacterium tumefaciens 0 1592 (BOAT)

Mesorhizobium loti m1i9205 (BOAT)
Streptomyces coelicolor ALI 57953 (BOAT)

Arcaeoglobusfulgidus AF0933 (BOAT)
Methanococcusjannaschii MJ1008 (BOAT)

Clostridium acetobutylicum CAC2226 (BOAT)
Mesorhizobium loti m~r763 5 (BOAT)

Agrobacterium tumefaciens pAT 698 (DAAT)
Sinorhizobium meliloti SmaOO93 (DAAT)

Raistonia solanacearum RS0 1735 (DAAT)
Agrobacterium cuenefaciens 04563 (DAAT)

Caulobacter crescentus 001744 (DAAT)

Stphloous oeimolyticu mIr2238 (DAAT)
Bacillus aihntoracis UAA2697(A
Bacillus cereuls ye DAAT2

___jacillus anthracis DAAT 1
4Bacillus cereuts DAAT I

Listeria monocytogenes AF038439 (DAAT)
VBacilu sp. J04460 (DAAT)

* Bacillus sphaericus U26732 (DAAT)
IBaclu halodurans NTO 1BH3 (DAAT)

Clostridium acetobutylicum CAC0792 (DAAT)

Figure 4. Family Ill aminotransferases. The sequences were aligned with the clustal algorithm and used for tree
construction with the neighbor-joining method. The division between sub families //la and Ilib is shown with the arrows.

The B. cereus sequences are in blue and the B. anthracis sequences in red.
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As with the BCATs, the putative DAAT sequences from B. cereus were most identical to their
B. anthracis counterparts with an identity in excess of 86%. The DAAT I's were also found
to be 47% identical to the DAAT2's. All four DAAT sequences were 42% identical to the B.
subtilis yheM gene product, which is the sole DAAT in that organism, and were also 40%
identical to the Listeria monocytogenes DAAT (AF038439).

Alignment of the eight B. cereus and B. anthracis sequences with previously characterised
family III aminotransferases highlighted the very small number of conserved residues across
the family (figure 5). In this sampling, E104(E37)*, R127(R59), K230(K159), G249(G178),
E261(E193), N271(N198), T287(T209), L295(L217), G297(G219), R300(R222),
E317(E238), E336(E251), and G367(G278) were completely conserved. When this data set is
merged with that found in our previous study on B. subtilis, then only E104(E37), R127(R59),
K230(K 159), G249(G 178), E261 (E 193), T287(T209), L295(L217), E336(E251), and
G367(G278) are conserved across 18 members of family III. The sequences used in both
these smaller datasets have been cloned and/or characterised in biochemical studies. The
alignment used to construct figure 4 had E145(E37), R170(R59), K279(K159), E320(EI93),
L351 (L217), and E376(E251) as the sole conserved residues across the entirety of family Il.
However, this large data set would be expected to contain a number of sequencing errors as
the vast majority of sequences have not been further characterised. In any case, the number of
conserved residues in family III is small.

Characterisation of the B. cereus Family III Aminotransferases

The four putative family III aminotransferase sequences in B. cereus were cloned and
functionally expressed as calmodulin-binding peptide fusion proteins in E. coli. In all four
cases, a large amount of inactive, included material was formed (from 50-100%). However,
with the exception of Bc-DAAT2, sufficient soluble, active material was produced and
purified. As an example, the purification of Bc-BCAT2 is shown in figure 6. Bc-BCAT1,
Bc-BCAT2, and BC-DAATI were screened with branched-chain amino acids and KG or
KMTB, as well as D-alanine and KG, in order to determine their capacity for transamination
of these substrates (figure 7). As would be expected, only Bc-DAATI catalysed D-
alanine:KG aminotransfer, confirming its identity as a DAAT. Both Bc-BCATI and Bc-
BCAT2 were active with branched-chain amino acids when KG was used as an amino
acceptor, confirming their identities as BCATs. However, Bc-BCAT2 catalysed these
reactions 3-4 fold better than Bc-BCAT 1. Only Bc-BCAT2 had any appreciable activity with
branched-chain amino acids and KMTB as an amino donor. Therefore, while both BCATs
were capable of transaminating KG and branched-chain amino acids, only Bc-BCAT has the
ability to produce Met from KMTB. Therefore, Bc-BCAT2 is likely the analogue of ybgE in
B. subtilis, and acts as the primary catalyst of Met regeneration in B. cereus.

As in our previous study [9], the values in parenthases represent the corresponding residue in the E.
coli ilvE amino acid sequence.
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Bs-BCATi-------------------------------------------------------------------- MGUQYIYMNtGEFVE--KEKAVVSVYD----------UHGFLY~j 31
Bc-BCATi-------------------------------------------------------------------- MGUQYIYMNGEFVE--KEKAVVSVYD ------ UGFLY3 31
Ba-BCAT2-------------------------------------------------------------------- VNFQWIFLNGEFVP--KDEAKVSVYD ---- U- GYLY3 31
Bc-BCAT2-------------------------------------------------------------------- MUEQWIFLNGEFVP--KDEAKVSVYD----------UHGYLY3 31
Ba-DAAT1---------------------------------------------------------------------- ERFVLWNDJAIIDTTKQKTYIELEE ------ RGLQFG 31
Ba-DAAT2--------------------------------------------------------- MVHLTEMGKAEATKDVWILF RIVTKEEQPMIPLEE ---------- RGFQFG 36
Bc-DAAT1 -------------------------------------------------------MKSYLTEMGKAYEKDIFVL NEVIDTKEQQTYIELEE------RGSQFI 30
Bc-DAAT2---------------------------------------------------------------- MKATUKDWILF RMIUTKEEQPMVALEE---------- RGFQFS 36
Bs-ybgE-------------------------------------- MUKLIEREKTVYYKEKPDPSS-LGFGQYFTDYMFVMDYEEGIGWUUPRIAPYAPLTLDPSSSVFU 3Q 67

Bs-yheM----------------------------------------------------------------------- MKVLV"RLIGRSEAS--IDLED---------- RGYQF3 28
EC-iV ly----------------------------------------------------------------- TTKKADYIWF fEMVR--WEDAKVUVM9---------- HALM "T 33
Bsp-DAAT---------------------------------------------------------------------- MAYSLN DQIVE--EGSITISPED ------ RGYQF3 29
Ms-SC AT2 MAAGIAKLVWLGRYSSK-DLETKHKGGPVGTTHMVW-KWQRPFNTHASHg 99

Us-BC ATi -MDCSUG---------- SAECTGEGGSKEVVGTFKAKDLIVTPATILKEKPDPUU-LVFGTVFTDUMLTVEWSSEFGWEKPMIKPLQNLSLMPGSSALUYAV 90

Ba-BCATi GVFEIRSGW--- FCLKE ýKLYES KSII TIPLTVDEMEEAVLQTLQIýEYA-DAYIRLIV5 GKGDLGLDPRSCVKPSVIIIAEQLKLFPQ 125
Bc-BCATI GVFEIRSYGq ---- CLKIR _

4
KSILLTIPMTVEEMEEAVLUTLO4NEYT-DAYIRLIVSRGKGDLGLDPRSCVKPSVIIIAEQLKLFPQ 129

Ba-SCAT2 GVFEIVS W S--------FRLREL IAYSKSIMLEIPYSLDEITMIVVETIRQNKLS-UGYIRLVVSRGAGULGLDPDSCTKPUVVVIAEQLSLFPQ 125
Bc-BCAT2 GVFEIRVSq S--------FRLREHVR JEAKSILLEIPYSLDEVTUIVVETIR1NKLS-NGYIRLVVSRGAGULGLDPDSCRKPUVVVIAVPISLFPQ 125

Bs-DAAT1 GVYEIRLYKI F-M--LLDPIRYFEEIL TLPFSKASLITLLYKLIEI44JFUEDGTIYLQVSRGVQARTUTF-SYDVPPTIYAYITKKERPA 125

Bs-D)AAT2 GI FVRLYKI P----LLDPIRY EVLL KELAEELUQMIERNQFQEDGUVYLQISRGAQARUUVY-ESUMQPTYFANIVSFPRPI 130

Bc-I1AAT1 GYV FIRLYDK F----LLDL 2FSEV KLSLPFSKEAEELTLYKIEKNUFUEDGTIYLQVSRGVQARTMVF-SYDTPPTIYAYITKKERPA 144

Bc-DAAT2 aT EFRL P ---- LLD LRFSAEII IPPFTKEELVEELYQMIE QFQED)GUVYLQIS OAQQRUUVY-ESDLQPTYFANLVSFPRPV 130

Bs-ybgE AV 2 L ýTDDGRVLLFRPD IRNSERMSMPPLDEELVLEALTQLVELEKDWVPKEKGTSLYI IPFVIATEPSLGVKASRSYTFMIVLSPVGS 167
Bs-yheM G 'EIR 1K L-FGLRE 1jERFFRS AEIGISLPFSIEDLEWDLQKLVQEýAVS-EGAVYIQT ýVAPRKUQY-EAGLEPQTTAYTFTVKKPE 121
EC-ilvE SVF2 IRC=SUKG-PVRHRE- tUGHS KIYRFPVSQSIDELMEACRDVIR1qUTLTSAYIRPLIFVGDVGMGVNPPAGYSTDVIIAAFPWGAYLGA 132
Bsp-DAAT GIYEVKV M----FTAQE~I DRFYA EKIR L IPYTKDVLUKLLMDLIEIG3 JLU-TGUVYFQI T"]TTSRUUIFPDASVPAVLTGNVKTGERSI 123
Ms-BCAT2 QL 2 UKAF DQQVRLFRPWLUMD ýLRS MRL LPSFDKLELLECIRRLTEVDKDWVPDAAGTSLYVýIRPVLIGUEPSLGVSQPRRALLFVILCPVGA 199
Us-ECATi ELF2 LEAF ULI DNIRE VRA LPVFDKEELLECIQQLVKLDQEWVPYSTSASLYI PAFIGTEPSLGVKKPTKALLFVLLSPVGP 190

210 220 230 240 250 260 270 290 290 300

' - I. . I.. .I. . I.. .I. . I.. .I. . I.. .I. . I. ..I....II....II.... I.... I....II....II ... I.... I....I

Ba-BCATI EF --- YGUGLSVVSVAERj.,0TPGALGPRIRS-M L ENVLVKIE AQA LiALMLU--QQGYVCE SGC F VKDG----KVLTPPSYLGA2 ITR 214
Bc-BCAT1 EF --- YDNGLSVVSVASRj49TPGALDPRIKS-M YLNVLVKIEAAQAGLEALMLU--QQGYVCE SaDNVFV Ra----KVLTPPSYLGAF ITR 214

Bs-BCAT2 EY --- YEKGIPVVTVATRjRIRnPGVLSPO K-L YL ILVRIEAKLAGVEhLMLU--DQGYVAEEGSGDNFIVKGN----KLITPSEAGAL2ITR 214

Bc-BCAT2 EY --- YEIDIPVVTVATRIRg9PGVLEPQVKS-L YL ILVRIVAKLAGQEALMLU--GQGYVAKESGG VFIVKGU----KLITPSEAGALS ITR 214
Ba-GAAT1 LW --- IEYGVRAISEPDTR ---- WLRCGIKE-L LLPUILAATKAER GCKEALFVR--N-GTVTE SUE FFLIKUG----TLYTHMMNLILNIPI 209

Ba-DAAT2 AT --- MEQGIKVTVEEDIP ---- WKFCUI S-L LLPUIMIKUKIUEQ E QILVR--D-GIVT CUE FF VKUU-K GIU;FI ITR 214

Bc-GAAT2 ASE--- MEAGIKVTVEEDIý ---- WKFCUIKS-LN PUIMIKUKIMEQ Q ILVR--G-GIVTE CUE FFIVKU-IKLI HDUFILHITR 214
Ths-ybgE YYGDGQLKPVRIYVEDEYVRAVUGGVGFAKAGAYAAELQAQRK ~EL YDQVLWLGAIEKKYVEE GE NIFFVIUG----EAV PALEGEILS5T 262

Bs-yheM QE --- QAYGVAAITDEDLý ---- WLRCGIKS-LILL UVMTKQR E EILR--GVVTE TEE VAVIUG----TVRP NRLILNITR 205

Ec-ilVE EA --- LEQGIGAMVEEW;APUTIPT AKGGN LSSLLVGSE S R3QEGIALD--VUGYISE AGENLMEVKDG----VLFT PTSSALPGITR 222

Thsp-GAAT ENU--- FEKGVTLE ---- UWLRCDIKS-L LL AVLAKQE ESECYK ILUK--G-GIITE SE NVGIKGG----KLY P UYI IT 207
Us-BCAT2 YFPGGSVTPVSLLADPAFIKAWVGGVGU KGGAYGPTVLVQQE LKRCEQVLWLYGPGUQ-LTE GTMNIF YTEGLL PUV 9Us-BCATI YFSEGTFNPVSLWAUPKYVKAWKGGTGG LGG YGSELFAQCEGVG ECQQVLWLYGRGUHQ-I TE GTrVLFLYWIUEGGEEELA PPLGDGII JP" 289

"310 320 330 340 350 360 370 390 390
Ba-BCATi UEVTELCEKLE-IPCEE PFTRMDVYtIG---- 2 FLTGTALIP KVGEK----EIGG KP G-STK L EEFKKLTKEKGVKVPGLAEELL- 299

UEBCT1NVIELCERLS-IPCEE PFTKUGVYVID---- 2 EFLTG AALIP TKVDSR--IGG KP -SVtK LTEEFKKLTKEKGVKVPKLTESLA- 299
Ba-BCAT2 UAILEIGEKLG-YGMK ELFTKUDVYVIAD--------- EFLTG TAAVI-,V]TTVVDGGK----TIGL QT -PHf1'N4LLEEFKKLVIEGGEKIYEEUKVG-- 298

Bc-BCAT2 UAILEIGEKLG-YDVt ELFTKUGVY4}DG----------FLTG AAEVIA rVGK--IGL QT -PHtNLLEEFKKLVVEDGEKIYEEUKVG-- 298
Bs-GAAT1 QYVLSLAKTLK-I PflQELFSIKDVYQIAD--------- EFFTG TELT.LDGT::AQ V-PITkML KEFSQSLLQSUMSSS---------- 287

Bc-DAAT2 UYVITLAKELU-IPVQEELQEVRVYG ---- 2 EFFTGTPEL AFP QIGE-- QFG K-P1 K L AYESNIKLFKVTU-S-----------291
Ba-GAAT2 HYVITLAKSL1U-IE EFSLQEVYEVG--------- EFFTA PLEI91 PVQIGDE ---- QFGN K -PITKKL VAYEESIKLFKVTU----------- 291
Bc-DAAT1 QYVLSLAIITLU-IP 0 REFLFEVVYQI ---- 2 EFFTGTP -IFIPVVTULGG----AIQGA R-AlTK L KAESFUILLQSUMSS-----------306
Bs-ybgE AEAIELIKEWG-IPVRERISIDEVYAJýSAKGELTEVFGTG AAVVTPVGELUTUGKTVIVGG QI3-GLEK L E TITGIQLGKVKGPFUWTVEV-- 396
Bs-yheM MUILGLIEKUG-IKLG TPVEEEELKQAPE ---- IFISS AjII~PVTLGGQ ---- SIGE KPG-PZKQ L AAFQESIQQAASIS----------- 282

Ec-ilvE DAIIKLAKELG-I"EQVLSEKELYL~G---------F EVS AEIITPVSVGGI ---- QVGE RCS-PtKIIQQAFFGLFTGETEDKWGWLDQVNQ 308
Bsp-GAAT QVILKCAAEIU-LPMIEMPMTKGDLLTMG ---- IIVSSVSSFJVTPVIGVGGQ ---- QIGA VP3 EfrKIQKAFEAKLPISIUA------------ 283
Us-P3CAT2 QSLLGMAQTWGEF"ETITMKQLLK LEEGKVKE FSGýACQVCPV KILYKGRULMIPTMEN PELILKFQKELKEIQYGIKA--MEWMFPV-- 392

Us-SCATi KCILGLAMQWGEF VSL YLTMDGLTLEGUKVK FESGýJKCVV P EGILYKGETIUIPTME PKLASKILSKLTGIQYGKEE--SGWTIVLS- 384

Figure 5. Alignment of the B. cereus and B. anthracis family Ill enzymes. The following sequences were aligned with the clustal
algorithm:- Bs-ybgE (9,191, B. subtilis SCAT(S)] [191, Bs-yheM, B. subtilis DAA T [19], Ec-ilvE, E. call SCAT [20j, Bsp-DAA T, B.

sphaericus DAAT(21],- Hs-BCA TI, Homo spalens RCA TI [22j, Hs-BCATZ, H. sapiens BCAT2 [23j. Residues conserved by 75% of
the sequences are highlighted.
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Figure 6. Purification of recombinant B. cereus or B. anthracis BCA T2. E coli BL21 codon-plus cells (Stratagene)
carrying the transgene were induced with IPTG and prepared as described in the Materials and Methods. The
homogenate supematant (S) was loaded onto a calmodulin-agarose column, and the wash (W) and eluates (E)

collected. Aliquots of each of these fractions were analysed by SDS-polyacrylamide electrophoresis along with a
sample of the insoluble homogenate pellet (P). The mass of the molecular markers (M) is shown and the target

protein is highlighted with the arrows. B. cereus is on the left and B. anthracis on the right.
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Figure 7. Substrate preference for the recombinant B. cereus family Ill aminotransferases. B. cereus BCA TI (black),
BCA T2 (red), or DAA T1 (green) were incubated with 2. 0 mM amino acid, 1.0 mM keto acid, and pyridoxal phosphate

before HPLC analysis for the production of Met from KMTB or glutamate from KG.
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The recombinant Bc-BCAT2 was screened with single amino acids and KMTB in order to
define the amino donor preference of the enzyme (Figure 3C). The enzyme used isoleucine,
leucine, valine, tyrosine, phenylalanine, and, to a lesser degree, histidine and arginine.

Therefore, with the exception of alanine and glutamine as amino donors, Bc-BCAT2 would
appear responsible for almost all the Met regeneration activity seen in the B. cereus
homogenates (Figure 3A and 3B). This result is identical to that seen previously in B. subtilis
[9]. Selected substrate pairings were examined in more detail in order to determine the kinetic
parameters of the enzyme (Table 2). The Km and Vmax values were found to be similar
regardless of whether KG or KMTB was used as the amino acceptor, with Km values ranging
from 0.48 - 4.34 mM and Vmax values from 0.54 - 1.44 pmol/min/mg protein. Therefore,
the enzyme appears to be equally active in using branched-chain amino acids for producing
glutamate or Met. This result is in variance with the ybgE gene product in B. subtilis, where
KMTB transamination had a Vmax 10-fold lower than KG transamination. The B. cereus
enzyme is thus better adapted for Met production than that in B. subtilis, and may be a
reflection of membership in different subfamilies within family IIR.

Characterisation of the B. anthracis BCAT Homologue

As Bc-BCAT2 was identified as the sole family HI enzyme responsible for Met regeneration
in B. cereus, the B. anthracis homologue was cloned and expressed as a calmodulin-binding
peptide fusion protein in E. coli. Unlike the B. cereus counterpart, Ba-BCAT2 was less prone
to inclusion-body formation, and active, soluble enzyme was easily purified (Figure 6). Ba-
BCAT2 was screened using single amino acids and KMTB as an amino donor, with results
nearly identical to that seen with Bc-BCAT2 (Figure 3C). The only difference seen between
the two enzymes was a lower preference for aromatic amino acids as amino donor with Ba-
BCAT2. Again, selected substrate pairs were further examined in order to define the kinetic
properties of the enzyme (Table 2). As with Bc-BCAT2, Ba-BCAT2 had Km and Vmax
values that were similar regardless of the amino acceptor. The Km values were 0.41 - 0.83
mM for KG and 0.95 - 3.23 mM for KMTB, while the Vmax values were 0.13 - 0.34
p.mol/min/mg protein for KG and 0.42 - 0.44 pmol/min/mg protein for KMTB. Therefore,
Ba-BCAT2 catalyses the formation of Met or glutamate equally well, and likely acts as the
primary source of Met regeneration in B. anthracis.

In vitro Inhibition of B. cereus Growth with Canaline

In our previous study, the aminooxy compound canaline was found to be an effective inhibitor
of the B. subtilis ybgE gene product, and could also inhibit B. subtilis growth in minimal
medium [9]. These latter experiments were repeated with B. cereus in Nutreint broth and in a
defined minimal medium (Figure 8). As was seen with B. subtilis, canaline is much more
effective as an antibacterial when utilised in minimal medium. However, the degree of
difference between these two media was not as marked as with B. subtilis. Canaline killed B.
cereus with an IC50 of 38 p.M in minimal medium and 759 pM in Nutrient broth (Table 3),
and an MIC of 100 pM and 5000 pM respectively. Total B. cereus growth in minimal
medium (which has no exogenous protein and uses sulfate as a sulfur source) was
approximately half of that seen in Nutrient broth (which contains 30 mg/ml of protein and
uses methionine and cysteine as sulfur sources). Addition of 1 mM or 10 mM methionine to
the minimal medium reversed most of this inherent growth inhibition, but had little effect on
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the IC50 of canaline. Therefore, B. cereus grows better with methionine supplementation, but
the presence of exogenous methionine does not antagonise the action of canaline.
Supplementation of minimal medium with 30 mg/ml bovine serum albumin had no effect on
inherent growth rate, and also had little effect on the IC50 of canaline. Therefore, the protein
found in Nutrient broth is not essential for optimal growth of B. cereus, and the lower IC50 of
canaline in Nutrient broth cannot be explained by binding of the drug to exogenous protein.

Table 2. Kinetic characterisation of Bacillus cereus and B. anthracis the BCA Ts catalysing methionine
regeneration. The enzymes were incubated with varying amounts of substrate and 10 mM cosubstrate

before analysis by HPLC as described in the Materials and Methods section.

GENE PRODUCT SUBSTRATE COSUBSTRATE APPARENT Km APPARENT Vmax
(mM) (pmol/min/mg protein)

B. cereus BCAT2 Leu KG 0.48 ± 0.29 0.54 ± 0.07

Val KG 0.91 ± 0.45 0.74 ± 0.10

lie KG 0.59 ± 0.25 0.63 ± 0.06

KG Leu 4.34 ±51.21 0.80± 0.10

Leu KMTB 2.09 ± 0.72 0.52 ± 0.06

Val KMTB 3.09 ±51.26 0.90 ± 0.13

lie KMTB 1.37 ±50.57 1.16 ± 0.15

KMTB Leu 2.84 ± 1.01 1.44 ± 0.20

B.anthracis BCAT2 Leu KG 0.41 ± 0.06 0.25 ± 0.01

Val KG 0.71 ± 0.33 0.34 ± 0.04

lie KG 0.67 ± 0.28 0.33 ± 0.04

KG Leu 0.83 ±50.22 0.13 ± 0.01

Leu KMTB 1.75 ± 0.58 0.44 ± 0.06

Val KMTB 3.23 ± 1.18 0.43 ± 0.06

lie KMTB 1.66 ± 0.52 0.45 ± 0.05

KMTB Leu 0.95 ± 0.20 0.42 ± 0.02
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Figure 8. In vitro inhibition of B. cereus growth by canaline. 2 x i04 cfu of B. cereus early log cells were inoculated
into Nutrient broth (blue triangles) or minimal medium (red circles) in the presence of varying amounts of canaline.

Growth after incubation overnight at 30'C was measured by turbidity at 650nm. The yellow squares and green
diamonds represent minimal medium supplemented with 10 mM Met or 30 mg/ml bovine serum albumin respectively.

The dark symbols are the appropriate values for growth with no inhibitor and for medium without cells.
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Table 3. B. cereus growth inhibition by canafine. The IC50 for canaline was determined by non-finear
curve fitting of growth inhibition data using the medium dose equation as descibed by Chou [24]. The

MIC is the lowest concentration yielding complete prevention of cell growth.

GROWTH CONDITION CANALINE IC50 (pM) CANALINE MIC (pM)

Nutrient Broth 758.9 ± 22.49 5000

Minimal Medium 35.48 ± 5.22 100

Minimal Medium + 1 mM Methionine 38.43 ± 11.41 500

Minimal Medium + 10 mM Methionine 90.00 + 23.07 500

Minimal Medium + 30 mg/ml BSA 69.67 ± 14.04 500
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Discussion

Polyamine biosynthesis, and the associated regeneration of Met from MTA (Figure 1), have
been the subject of investigations on experimental chemotherapeutics in a number of
organisms [1]. However, unlike in B. subtilis, where a number of the enzymes found in this
pathway have been characterised [9,25-29], there has been no similar studies in B. cereus or
B. anthracis. The final step of Met recycling from MTA involves the transamination of
KMTB via an aminotransferase. Previous studies in Klebsiella pneumoniae, Plasmodium
falciparum, Crithidiafasciculata, Trypanosoma brucei brucei, and Giardia intestinalis had
implicated aminotransferases belonging to the Ia subfamily as being responsible for Met
regeneration [5,6,7]. However, a subsequent study found that Gram-positive and archaeal
organisms did not contain any aminotransferases which belonged to subfamily Ia. In the case
of B. subtilis, it was found that a branched-chain aminotransferase from family III catalysed
Met regeneration [9]. This aminotransferase belonged to a subfamily designated as IlIa. In
this paper, the homologous aminotransferase activities were identified and characterised in B.
cereus and B. anthracis.

As was the case with B. subtilis, both B. cereus and B. anthracis homogenates preferentially
catalysed KMTB transamination using branched-chain amino acids. However, while this
activity is catalysed by the ybgE gene product in B. subtilis, neither B. cereus nor B. anthracis
was found to contain any aminotransferase with a high identity to ybgE. In fact, neither B.
cereus nor B. anthracis had any putative enzyme Sequence falling within subfamily IIIa. Both
of these organisms were found to contain four family III aminotransferases, two with
homology to BCATs and two with homology to DAATs. All eight of these sequences were
members of subfamily IlIb. The sequence identity between ybgE and the B. cereus and B.
anthracis aminotransferases is very low (approximately 17%). Given that the B. cereus
complex and B. subtilis are quite closely related as judged by 16S rDNA sequences (Figure
2), this lack of homology between BCAT sequences is quite striking. It would appear quite
likely that acquisition or loss of BCATs occurred after the split from a Bacillus progenitor to
pre-subtilis and pre-cereus complexes. As Bacillus halodurans also contains a BCAT within
subfamily IIIa, and is much more distantly related to B. subtilis and B. cereus, the most likely
explanation is that the B. cereus complex lost any subfamily IIIa sequence(s) and evolved
BCAT functionality from DAAT members of subfamily IlIb. These results highlight the
perils of extrapolating biochemical findings from one bacterial species to another regardless
of the appearance of a close evolutionary relationship.

With both B. cereus and B. anthracis, the sequence designated BCAT2 was found to readily
catalyse the transamination of KG or KMTB using branched-chain amino acids as the amino
donors. Kinetic analysis of the two enzymes showed that there was little difference in Km or
Vmax when using KG or KMTB as the amino acceptor. Therefore, as was seen with the
tyrosine aminotransferase in K. pneumoniae, BCAT2 catalyses Met regeneration as
effectively as the "classical" activities normally associated with the enzyme. Moreover, with
the exception of the use of alanine, the activity seen with recombinant BCAT2 accounts for all
the activity seen in the B. cereus homogenates. As there was little difference in amino donor
preference in homogenates made from cells grown in Nutrient broth (which contains
numerous sulfur sources, including methionine) or minimal medium (where sulfate is the sole
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sulfur source), BCAT2 is likely the primary catalyst of Met regeneration in both the presence
and absence of exogenous methionine.

In our previous study, the aminooxy compound canaline was found to be an effective inhibitor
of recombinant ybgE and also inhibited the growth of B subtilis in minimal medium.
Canaline was found to be an efficient inhibitor of B. cereus growth in minimal medium, with
an IC50 of 35 pM and an MIC of 100 pM. Unlike B. subtilis, where canaline had no effect on
cell growth in Nutrient broth, B. cereus in Nutrient broth was inhibited by canaline. With an
IC50 of 760 VM and an MIC of 5.0 mM. The basis for the differential sensitivity to canaline
between rich and minimal media was examined from two potential mechanisms: exogenous
methionine as an antagonist, and drug binding to exogenous protein. Addition of methionine
to minimal medium had little effect on the IC50 of canaline, which suggested that methionine
neither interefered with canaline transport nor rescued metabolically starved cells. The
addition of 30 mg/ml BSA to the minimal medium also had little effect on the IC50 of
canaline. Therefore, the compound does not bind well to BSA. As canaline is known to bind
to pyridoxal phosphate dependent enzymes and pyridoxal phosphate itself, a logical step for
the future would be the examination of Nutrient broth for the levels of pyridoxine, pyridoxal,
and pyridoxal phosphate. Addition of a similar amount of cofactor to the minimal medium
would then test for loss of canaline activity.

The effectiveness of canaline against B. cereus in in vitro growth inhibition tests suggests that
the compound should be examined against B. anthracis in vitro and against B. cereus and B.
anthracis in vivo. These experiments, and the screening of further aminooxy analogues
against the bacilli are planned for the immediate future. In addition, potential synergy with
other inhibitors of enzymes involved in polyamine biosynthesis and Met regeneration is to be
examined.
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List of s•ymbols/abbreviations/acronyms/ini tial!isms

KMTB ketomethiobutyrate

KG ketoglutarate

BCAT branched-chain amino acid aminotransferase

DAAT D-amino acid aminotransferase

TyrAT tyrosine aminotransferase

Met methionine
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